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High-throughput separations are intrinsic to the detection and analysis of
peptides and proteins by mass spectrometry (MS). Together, efficient separation
and MS can lead to the identification of thousands of proteins in a sample, cell or
tissue and help build proteome maps that can be used to define a cell type or
cellular state. Although 2D gels have been successfully used to separate proteins
for subsequent MS analysis, alternative separation efficiencies and, consequently
deeper results could be obtained with HPLC or other separation techniques that
improve throughput. This highlight is aimed toward plant scientists who have
special separation needs due to the nature of plant cells and who could benefit
from knowing options and requirements for adopting alternative separation
protocols. Through the various sample processing and protein separation

strategies, plant biologists should be able to improve the quality of their

proteomic reference maps and gain new information about the proteins that

define plant cells.

Introduction

If any of the proliferating neologistic
biology terms appended with an -omics
suffix are to be substantiated as scientific
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disciplines, then genomics and proteo-
mics are the best candidates. Etymo-
logically derived from chromosome and
now scientifically realized as the order of
base pairs within one, genomics has been
legitimized by the entrenched technology
platforms enabling  high-throughput
DNA sequencing and the wonderful
biological insight provided by the related
research. Minimal sets of genes that
define life have been described' and
genomics has led to unparalleled advan-
cements in phylogenetics,”* genetics™®
and breeding.7 Of course, genomics

spawned proteomics as a word and
as a discipline that is empowered by
high-throughput  protein  separation
techniques and identification by mass
spectrometry (MS). By itself, genomics
provides a list of genes in a cell but this
list contributes little to the knowledge of
which genes are at play and what their
functions are. However, coupled with
proteomics, an understanding of protein
accumulation and organization can
emerge.

For the many organisms whose gen-
omes have been sequenced, the assembly
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of protein accumulation reference maps
that provide a global snapshot of the
protein constituents of cells in various
states and conditions has begun.®!!
Plants are no exception.'>!* Plant biol-
ogy has greatly benefited from genomics
but the rate of proteomics discovery in
plants has not kept up with genome
sequencing, partly because of difficulties
in obtaining proteins from the many
developmentally different yet spatially
convergent cell types in various plant
tissues. Plant cells, compared to animal
cells, are also compressed by vacuoles
and rigid cell walls traversed by plasmo-
desmata and are crowded by many
membranous plastids. These differences
introduce new challenges for protein
extraction and separation not entirely
encountered by researchers who pio-
neered proteomics on yeast, bacteria
and cultured animal and human cells.
Thus, we offer this overview of MS
workflow options to plant scientists
who are ever more interested in defining
plant proteomes but are unaware of
which separation techniques will meet
their needs. We will also show that these
considerations can make a difference in
the amounts and types of plant proteins
that can be resolved. For this discussion,
we primarily focus on the model plants
Arabidopsis  thaliana and rice, whose
completed genome reference sequences
are essential to the proteomic analysis of
these and other plants.'*!3

2D-PAGE

The 2-dimensional polyacrylamide gel
electrophoresis (2D-PAGE) technique
for the separation of complex protein
mixtures was developed in the 1970s,'°
and remains a dominant method for
resolving proteins. In this method pro-
teins are separated by their isoelectric
point through a pH-gradient gel matrix'’
(IPG) and then by molecular weight in
the second dimension. The extra dimen-
sion of separation and the added area of
the gel matrix allows for the clear
separation of several thousand proteins.
2D-PAGE attained its full potential
when researchers used mass spectrometry
to identify the separated proteins, also
known as spots, within the gel.18 Exci-
sion of a protein spot can be performed
by hand with a razor blade, and the
following procedures for destaining,

in-gel protein digestion with a protease
such as trypsin and the elution of
peptides are cookbook procedures that
can be easily performed.'” The peptide
mixtures can then be sent to a service lab
to obtain affordable and reliable results
(Fig. 1A). Usually, the labs will use
matrix-assisted laser-desorption ioniza-
tion (MALDI)-based time-of-flight
(TOF) MS to determine peptide mass
fingerprints (PMF) of the peptides from
the spot.>*2! Alternatively, electrospray
ionization-based tandem MS (MS/MS) is
used.?*?* In both cases, PMFs and
tandem mass spectra are usually searched
against protein sequence database refer-
ences and the result produced indicates a
match between an observed spectrum
and a virtual spectrum produced from
the database.*** Based upon the quality
of the match, the identity of the protein
can be deduced.

By subjecting treated and control
samples or samples from different time
points to 2D-PAGE, a differential com-
parison of protein accumulation can also
be obtained.?® Quantitation can be added
to the mix by using a variety of different
labeling techniques (ICAT;
isotope-coded affinity tag),”” or using
sensitive and differential gel stains
(DIGE; difference gel -electrophor-
esis).?®>?? All of these steps, with the
exception of running 2D gels, are amen-
able to various types of automation
which allows hundreds of differentially
resolved proteins to be quickly extracted,
processed and identified."®

There is a respectable amount of
proteomics research reporting the protein
accumulation, profiling patterns and
identity of proteins from various
A. thaliana,*®** and rice™ ™ plant tis-
sues. Depending on the tissue, treatment
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or plant species, hundreds to a few
thousand proteins have been resolved
and in general, many of these studies
serve as catalogues for the accumulating
proteins in plant cells or organelles.’*™*!
There are several examples whereby
Japanese and Australian groups have
independently constructed 2D-PAGE
databases that serve as proteomic maps.
The results are reported as digitized
images of the 2D gels whereby scientists
around the world can study any protein
spot (http://gene64.dna.affrc.go.jp/RPD/
main_en.html; http://semele.anu.edu.au/
2d/2d.html). In the Australian rice anther
protein database, there are more than
4000 protein spots within the pl range
4-11 and molecular weight range of
6-122 kDa, corresponding to ~10% of
the rice genome.*? The Japanese data-
base provides 21 reference maps of
proteins from specific developmental
tissues consisting of more than 13 000
spots.¥  Complementing whole tissue
studies are analyses of subcellular frac-
tions specifically containing plasma
membranes, chloroplasts, mitochondria
or nuclei.***! More than anything, sub-
cellular fractionation helps decrease the
complexity of the whole tissue protein
extracts.”’

2D-PAGE is widely used by plant
scientists for protein separation because
the equipment and materials for this
technique are readily available and easily
applied. 2D-PAGE allows scientists to
proceed quickly with protein discovery
and whet their proteomics appetite.
Those with a greater hunger can layer
in differential analysis, automation or
quantitation to delve deeper into the
proteome. Eventually, however, the
researchers reach the resolution limita-
tions of 2D-PAGE. Usually, 1000 to
2000 proteins can be displayed. However,
with plants, the highly abundant ribulose
bisphosphate carboxylase/oxygenase
complex (RuBisCO) proteins, which par-
allel blood plasma albumin in terms of
protein concentration, overwhelm many
of the low abundance proteins that
would otherwise be clearly resolved.***’
Unfortunately, no good RuBisCO pro-
tein depletion strategies exist as they do
for serum albumin. To overcome
RuBisCO abundance, researchers have
used IPG strips with overlapping pl
ranges to reduce sample complexity.*®4”
This increases the number of gels that

need to be run and consequently
increases labor, cost, and time. The lack
of automation for running 2D gels, the
bottleneck of image analysis and spot
picking and the fact that the physical
integrity of the gels deteriorates after
several hundred spots are extracted
create formidable and steadfast barriers
to a high-throughput workflow. Even
when researchers are willing to roll up
their sleeves to plow through a 2D gel
workload, the lack of resolving power for
basic, hydrophobic and membrane span-
ning proteins could be the weakest point
to 2D-PAGE.*® These limitations restrict
the detection of nearly 30% of all cellular
proteins, and will certainly impact pro-
teomics research on plant cells packed
with various and specialized membra-
nous structures such as thylakoids and
plasmodesmata.*’

Multidimensional protein
identification technology (MudPIT)

A clear advancement to the proteomics
workflow is MudPIT, which refers to
the unique HPLC protein separation
method that allows the high-throughput
analysis of proteins by MS.>® Basic,
hydrophobic and membrane-spanning
proteins have a better chance of being
separated by HPLC, as long as they can
be obtained for analysis. The initial
benefits of this workflow were described
by Washburn er al, (2001)°! who
discovered more membrane spanning
proteins with MudPIT compared to
2D-PAGE.**

Unlike 2D gels where selected proteins
are digested after separation, MudPIT
analysis requires that all proteins in a
sample are digested into peptides before
the separation step (Fig. 1B). The sepa-
rated peptides are then sequentially
eluted into the mass spectrometer and
analyzed.” This method enables high-
throughput analysis and a user can walk
away from the mass spectrometer while
the peptides are eluted. MudPIT is also
compatible with quantitative and differ-
ential comparative analysis, which is
made possible by labeling proteins
in vivo>*>® or by labeling peptides
in vitro.’*® However, one drawback is
that multiple analyses are usually
required to circumvent random sampling
errors associated with all MudPIT-style
assays.”’

While MudPIT opens up the range for
detecting proteins, the technique intro-
duces a new set of problems that have to
be reconciled. First, since a sample is
loaded directly into the mass spectro-
meter, detergents most commonly used
to isolate hydrophobic proteins must be
avoided since these are readily ionized
and can mask results of the less-easily
ionized peptides.®® MS-compatible deter-
gents are now available and users have to
remember to incorporate these into their
protein extraction protocols.®! Second,
data output comprises tens of thousands
of tandem mass spectra, which necessi-
tates the use of software such as Sequest
and Mascot,”*? or de novo sequencing
programs®* ®* to deduce the amino acid
sequence information from the spectra.
Realistically, a cluster of computer
processors running the algorithms is
required to process the vast amounts of
spectra in a reasonable amount of time.
Next, since the original mixture of
proteins was digested into peptides, the
protein information must be regenerated.
Reassembly of peptides into proteins can
be quite daunting in light of the fact that
many of these proteins can share the
same sequences. Without knowing which
proteins appeared in the starting sample,
the only reasonable way to generate a
candidate list is to obey rules of parsi-
mony such that the smallest, most-logical
non-redundant set of proteins is
assembled from the peptides.®>®® Freely
available programs such as DTASelect®’
and DBParser®® organize the peptides
into sets of candidate proteins and
ProteinProphet® and PANORAMICS”
perform a similar organization with the
added benefit of incorporating a prob-
ability model that can be used to
ascertain the likelihood that a protein
assembly is correct.

The MudPIT workflow follows a basic
blueprint, and there are variations
thereof. In the original setup, peptides
are separated on columns coupled to an
HPLC pump with the orifice of the
column directed toward the source of
the ion trap of the mass spectrometer.”!
Columns are usually constructed from
fused-silica capillaries pulled to a fine tip
capable of spraying liquid drops of
ionized peptides into the mass spectro-
meter source.”> The column is typically
packed with strong cation exchange
(SCX) resin and reverse phase (RP) resin,
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peptides are loaded onto the SCX resin
and the column is placed in-line with the
HPLC pump. By alternating the flow of
salt and organic solvents the peptides are
eluted from the column, first by charge
and then by polarity.*® Multiple separa-
tion steps can be introduced simply by
increasing the concentration of the salt in
the solvent at each step, which selectively
elutes classes of peptides mobilized under
those concentrations. Each salt step is
then followed by the same increasing
gradient of organic solvent which further
separates those peptides. Variations of
this pattern such as designing RP-SCX-
RP columns and consecutive SCX-RP
configurations can aid sample cleanup or
give extended separations.”* Other varia-
tions in this workflow include collecting
off-line fractions of the peptide mixture
as they elute from an SCX column, and
then separating each SCX fraction by
RP.”* This variation often utilizes an
autosampler and is as nearly as amenable
to high-throughput and hands-free
separation as the conventional MudPIT
architecture.

MudPIT typically requires many cus-
tom-made materials, including columns,
column packing pressure cells, HPLC
tube fittings and platforms that configure
the column to the HPLC pump. The
specialization, the bioinformatics plat-
forms and expertise required keep this
technology out of many plant research-
ers’ hands. As a result, there are only a
few reports on the high-throughput
analysis of proteins from plants. The
most notable is by Koller et al (2002),
who identified more than 2 300 proteins
from the leaves, roots, and seeds of rice
by performing only a handful of experi-
ments.'? Such results are very tantalizing
and are prompting more researchers to
venture into using the MudPIT workflow
for proteomic research.

1D-Gel-LC-MS/MS

An emerging method gaining popularity
brings the advantages of MudPIT-style
separations to researchers who can not
easily acquire the customized resources
needed for MudPIT. Those more capable
of running gels may be intrigued by a
method that combines 1D gel separations
with  RP  liquid chromatography
(Fig. 1C). Here proteins are first sepa-
rated by size on standard polyacrylamide

gels,”>’® or by isoelectric point on IPG

strips normally used for the first dimen-
sional separation in 2D-PAGE.”” The
1D-gel separation step takes the place of
the SCX separation of MudPIT and
results in reducing the complexity of a
sample. After separation, the lane of the
gel or the strip containing the proteins is
extracted and then divided into 32 slices
or some other number compatible with
multiple sample handling procedures.
The gel slice is treated similarly to spots
excised from 2D gels and the peptides are
separated on an integrated and reusable
RP column coupled to a standard HPLC
pump. The RP eluent is then analyzed by
MS/MS. Because the gel slices contain
many different proteins which are subse-
quently digested into peptides, protein
reassembly is also required. Nevertheless,
the main benefit to this workflow is that
common 1D gel resources are available
to a broader cross-section of researchers
and the results obtained by separating
proteins on 1D gels are parallel to
MudPIT.” The downside to this techni-
que is that the offline protein fractiona-
tion and gel handling utilizes more labor
and time than MudPIT. But researchers
willing to sacrifice the elbow grease can
survey many proteins in one experiment.
Plant researchers have already success-
fully used this method for subcellular,
organelle and membrane proteomics
research. 78 We have also discovered
that many of the detergents that are not
compatible with MudPIT—detergents
commonly used to extract proteins from
unique plant membrane structures—can
be sufficiently removed by 1D gel separa-
tion and subsequent clean-up methods.

Comparing workflows for protein
discovery

In this penultimate section, we present an
example of the successes that can be
achieved when performing a proteomic
analysis of A. thaliana leaves using
MudPIT.®! Briefly, whole leaves were
pulverized in liquid nitrogen and the
material was washed in trichloracetic
acid/acetone and then dried to produce
a crude protein lyophilate. Proteins were
resolubilized in Tris buffer, urea, and
dodecyl-beta-maltoside (DDM), a deter-
gent that can be easily removed before
MS/MS.8>8 The solubilized proteins
were digested with trypsin. Peptides were

eluted from a SCX-RP capillary column
using a 12-step separation method and
detected by a Thermo LCQ Deca XP ion
trap mass spectrometer. The tandem
mass spectra were analyzed with
Mascot and compared to proteins in v.
6.0 of the A. thaliana protein sequence
database obtained from www.arabidop-
sis.org. The subsequent data were eval-
uated by the probability-based protein
assembly software PANORAMICS and
all proteins exceeding a 95% confidence
level for identification were accepted. By
combining the results from two replicate
experiments, 594 non-redundant proteins
were identified. As many as 11% of those
proteins appeared to have membrane
spanning domains when searched against
ARAMEMNON, a plant membrane
protein database (http://aramemnon.bo-
tanik.uni-koeln.de/index.ep). T

To dig deeper into the cell, we pre-
pared subcellular fractions of the leaves
to reduce sample complexity.®* Fresh
leaves were pulverized in liquid nitrogen
and Tris buffer, and then centrifuged at
1000 x g. The resulting pellet (CW)
containing nuclei, cell walls and chlor-
oplasts was washed three times in 2%
DDM and boiled in urea. The 1000 x g
supernatant was then centrifuged at
30000 x g to produce an organelle
pellet (P30) and a supernatant (S30). The
P30 pellet was also washed in DDM and
boiled in urea. Proteins from the S30
fraction were precipitated with acetone.
Proteins from all fractions were analyzed
by the same MudPIT workflow as
before. Two replicates for each were
performed and the data from each
replicate combined. We found 501, 481
and 701 non-redundant proteins in the
respective CW, P30 and S30 fractions.}
Together, this resulted in 1204 non-
redundant proteins. Among them 123,
116, 44 membrane-spanning proteins
were identified from the respective CW,
P30 and S30 fractions resulting in 198
(16%) non-redundant membrane-span-
ning proteins. Combining the results
from the crude protein analysis and the
analysis of the subcellular fractionations,
we detected 1369 leaf proteins at a 95%
confidence level. Of this whole set, only
448 proteins (33%) were identified by a
single peptide. The PANORAMICS
probability-model allows single peptide
identifications but has several require-
ments, such as the peptide must be
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assigned very high Mascot scores and the
peptide sequence must be a unique
(distinct) identifier for the protein. The
remaining proteins were identified by
more than one peptide whose multiplicity
increased the probability that a protein
was identified.

With respect to time, it took 2 days to
prepare the samples, 1 day to prepare
custom columns and 8 days to run the
samples. The bioinformatics analysis
required 1 day. In total, we needed 12
work days to discover 1369 leaf proteins
from 8 samples. We do not believe that
we could have achieved the same results
in the same amount of time using 2D-
PAGE. Assuming that we can extract
500 protein spots from a 2D gel using a
robot, we estimate from prior experience
that it would take 5 days to run the gel,
excise spots, digest and elute peptides,
11 days to perform LC-MS/MS, and
2 days to analyze data. Multiply this by
four for the different sample prepara-
tions and any required replicates and it
becomes quite apparent that MudPIT
can resolve as many or more proteins in a
much shorter amount of time. Finally,
we would not have expected to have been
able to detect as many membrane-
spanning proteins by 2D-PAGE.

As an aside, we want to state that these
results do not imply that MudPIT is a
superior workflow. Instead, we show
these results to illustrate some advan-
tages to adopting an alternative
workflow. We staunchly believe that
2D-PAGE, MudPIT, and 1D-Gel
separations are often complementary
and necessary for full proteomic char-
acterization. In the future, we will
describe the benefits of employing all
three methods for plant proteomic
analysis.

Concluding remarks

The dynamics of the proteome are
dependent on the development stage of
the cell and the environmental conditions
in which it exists.> For rice, which is
estimated to harbor 35 000-60 000
genes,>'* it is possible that 500 000
different forms of proteins could be
produced from them. The dynamic range
of these proteins could also be quite
excessive; the rare proteins are present at
a level of 10 molecules per cell whereas
the most abundant proteins are present

at levels of 1073 It is therefore seemingly
impossible to ascertain how many pro-
teins are present within any specific cell
type, detect how they are modified,
determine their concentrations, or mea-
sure their turnover rates. In the past,
protein accumulation and dynamics have
only been measured accurately for one or
a few proteins at a time and this is
usually with the aid of antibodies or
specific conjugation to fluorescent mole-
cules.®® It is still not yet possible to
evaluate a proteome with the same type
of resolution. Indeed, to complete a plant
proteome map is to reach an indefinable
goal. However, MS-based proteomics
allows us to approach that goal and that
is a good start for an emerging -omics
field.
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